is an important semiconductor for photoelectrochemical water splitting. Its low charge carrier mobility and the presence of midgap states provide favourable conditions for electronhole recombination, hence affecting the semiconductor's photoelectrochemical efficiency. The nature of the excited state and charge carrier transport in hematite is strongly debated. In order to further understand the fundamental properties of the hematite photoexcited state, we conducted femtosecond 2p (L 3 ) X-ray absorption (XAS) and 2p3d resonant inelastic scattering (RIXS) measurements on hematite thin-films at the Pohang Accelerator Laboratory X-ray Free Electron Laser (PAL-XFEL). The observed spectral changes and kinetic processes are in agreement with previous 3p XAS reports. The potential additional information that could be acquired from 2p3d RIXS experiments is also discussed.
Introduction
X-ray absorption spectroscopy (XAS) combined with the pumpprobe method has become a powerful technique to investigate electronic states of photocatalytic materials. [1] [2] [3] [4] XAS provides information on the element specific electronic structure of the material under investigation. In addition, XAS can be measured under operando conditions. 5, 6 In combination with calculations, XAS enables the determination of the detailed local structure and electronic states of materials. 7, 8 There have been pioneering studies to investigate photoexcited states of metal oxides with the pump-probe XAS methodology. 7, [9] [10] [11] [12] [13] [14] [15] [16] While synchrotron pump probe XAS experiments are limited by the pulse duration of X-rays (B100 ps) or by the reachable flux for slicing experiments, the birth of X-ray free electrons lasers (XFEL) has expanded the horizon of the time resolved studies based on the pump-probe XAS methodology. 1, 9, 11, [17] [18] [19] [20] XFELs can provide ultrashort and intense X-ray pulses down to 10 fs. The number of photons in an X-ray pulse from XFELs are at least millions of times larger than that of an X-ray pulse in a synchrotron. Such short pulse duration has enabled the study of femtosecond dynamics, which have also been achieved with femtosecond optical laser spectroscopies. In addition to the capability of tracking ultrafast dynamics, such high intense X-ray pulses enable sophisticated photon-in/photon-out spectroscopic measurements such as X-ray emission spectroscopy (XES) [21] [22] [23] and resonant inelastic X-ray scattering (RIXS) [24] [25] [26] [27] [28] [29] [30] with a very short temporal resolution. RIXS spectra provide additional opportunities to observe electronic excitations in materials, which would be impossible only with optical spectroscopies. At PAL-XFEL, 31, 32 one can measure the L 3 XAS of 3d transition metal elements with a time resolution of less than 300 fs. 33 In addition, 1 eV resolved 2p3d RIXS [34] [35] [36] can also be measured, which extends the information provided on the electronic states of 3d metals.
Here, we report the first time resolved L 3 XAS and 2p3d RIXS experiments in PAL-XFEL to observe the photoexcited state of hematite (a-Fe 2 O 3 ).
Hematite is intensely studied as a semiconductor for the solar-assisted water splitting processes. This is mainly due to its rich abundance in the earth crust and to its optical bandgap of B2 eV that enables it to absorb light in the visible wavelength range of the solar spectrum. 37, 38 However, the intrinsic electronic properties of hematite make it difficult for the semiconductor to carry out the water splitting reaction directly, since its hole diffusion length is so small, 2-4 nm, that the electrons and holes can easily recombine in short time scales. 39, 40 Therefore, ultrafast spectroscopic investigations of the nature of the hematite photoexcited states have gained increasing interest due to its relevance to its water splitting efficiency. 12, 38, [41] [42] [43] For example, Vura-Weiss et al. conducted the first femtosecond extreme-ultra violet (XUV) spectroscopic studies on hematite thin films and reported that the observed photoinduced Fe(II) states originate mainly from ligand to metal charge transfer (LMCT) i.e. the charge transfer from oxygen to iron, and not from the optical d-d excitation. 44 Further theoretical and experimental XUV spectroscopic reports suggested that an additional reason for the low hematite performance is the formation of small polarons that localize the minority carriers at recombination centres. 45, 46 Our time resolved studies of 2p X-ray absorption spectroscopy (XAS) and 2p3d resonant inelastic X-ray scattering (RIXS) of iron elucidate the electronic structure of the photoexcited hematite. The results also demonstrate the potential of 2p3d RIXS experiments to understand the electronic nature of excited states in photocatalytic materials.
Experiments and calculations

Sample preparation
A 50 nm hematite (a-Fe 2 O 3 ) polycrystalline thin-film was prepared on indium tin oxide (ITO)/fused silicon dioxide substrate by pulsed laser deposition (PLD). First, a 5 nm ITO thin film was deposited on a fused silicon dioxide substrate by translating a KrF excimer laser (l = 248 nm) on a rotating ITO target with an incident angle of 451 with a fluency of 2 J cm À2 and a repetition rate of 1 Hz. The ITO target was then replaced with hematite target and hematite thin-film was deposited at the same deposition conditions. The deposition experiment was conducted at 700 1C and under 1.3 kPa oxygen pressure. The average surface roughness of the hematite thin-film was determined to be 4.7 nm using Atomic Force Microscopy. X-ray Photoelectron Spectroscopy (XPS) was employed to confirm iron and oxygen electronic properties in hematite. Further information on the sample characterization can be found in the ESI. † The X-ray setup at PAL-XFEL All XAS and RIXS spectra were measured in the soft X-ray spectroscopy and scattering (SSS) beamline of PAL-XFEL. An illustration of the SSS beamline of PAL-XFEL is shown in Fig. 1 .
In the SSS beamline, soft X-rays between 250 eV and 1200 eV are available. In order to monochromatise the X-ray, a grating optics with 200 lines per mm was employed and the estimated energy resolution of the monochromatised X-ray was about 0.5 eV at 710 eV for the XAS experiments and about 1.0 eV for the RIXS experiments at 710 eV. The monochromatised X-ray was focused by a pair of Kirkpatrik-Baez mirrors to reduce the X-ray size to less than 50 mm (H) Â 50 mm (V) on the sample position. Since the X-ray intensities are different in each X-ray pulse, it was necessary to measure the monochromatised X-ray intensity (I 0 ) and the fluorescent X-ray intensity (I f ) shot by shot in order to obtain XAS correctly. Each I 0 intensity was observed by the electrons emitted from a Si 3 N 4 thin-film. The photoelectrons were measured with a microchannel plate (MCP) detector. The I f intensity was measured with another MPC detector by obtaining fluorescent X-ray photons from the sample. Two boxcar integrators (SR250, Stanford Research Systems) were employed to collect both the signals from the MCP detectors. The boxcar integrators were synchronised with the trigger signals from the XFEL in order to gather only the signals from the X-ray pulses. The output signals from the boxcars were transferred to the digitizers (SR245, Stanford Research Systems). A Ti:sapphire laser was employed to excite the sample. Its fundamental wavelength was converted to 400 nm with a BBO crystal. The laser pulses were transferred into the measurement chamber and focused on the sample position. The spot size of the laser was approximately 210 mm (H) Â 210 mm (V) for its 1/e 2 value. The angle between the X-ray and the laser was set to about 11. The excitation laser fluence was set to B8 mJ cm À1 , which was found to be the optimum laser fluence for exciting B20% of the iron atoms and in the same time causing minimal to no sample damage or nonlinear effects.
The X-ray setup at Spring-8
Transient XAS spectra of the Fe L 3 edge in the picoseconds regime were measured at the BL07LSU beamline in SPring-8. 47 During the beamtime, the operation mode of SPring-8 was ''H-mode'', 48 where one electron bunch between bunch trains is detected. The X-rays from the isolated bunch arrives every B4.76 ms (B210 kHz). In order to synchronise with the excitation laser (B1 kHz), an X-ray chopper was employed to select X-ray pulses. XAS spectra were measured in a Partial Electron Yield Fig. 1 The experimental setup of the SSS beamline of PAL-XFEL. A microchannel plate (MCP) detector was employed to measure fluorescent X-ray and a CCD detector was employed to measure RIXS signals.
(PEY) geometry. An MCP detector was employed to measure the intensity of electrons coming out from the sample surface. The fluence of the excitation laser was the same as in PAL-XFEL and the temporal resolution of the set up was estimated to be 80 ps. Further details on the setup were explained in ref. 47 .
Theoretical calculations
The X-ray absorption and X-ray emission processes have been modelled with crystal field multiplet theory. The use of the charge transfer multiplet (CTM) model is based on the argument that the 2p core hole state is localised on one site allowing a local model to describe the 2p3d excitation and the 3d2p X-ray emission decay. The 2p XAS spectra are simulated from transitions from the 3d 5 ground state to the 2p 5 3d 6 final state, which are based on the model described by de Groot et al. and Vura-Weiss et al. 44, 50 The parameters we used for the calculations are identical to the parameters used in these studies, i.e. atomic values are used for the electron-electron interactions and spin-orbit couplings and a value of 0.5 eV was used for the octahedral crystal field. The multiplet-averaged Fe(II) calculation is shifted by 0.7 eV with respect to Fe(III), following the experimentally determined shift between Fe(II) and Fe(III) sites in CoFe 2 O 4 . 51 Results and discussion 2p X-ray absorption spectroscopy of photoexcited hematite
The Fe L 3 edge XAS spectrum and transient (difference) spectra of hematite are shown in Fig. 2 . Each difference spectrum was calculated by subtracting the reference spectrum (the spectrum at a delay time of À10 ps) from the photoexcited XAS spectrum at the corresponding delay time. A distinctive change was observed at 709 eV in the difference XAS spectra at positive delay times. The maximum of the peaks around 709 eV in each difference spectrum at a positive delay time are comparable to each other, while the peak width at a delay time of 10 ps is larger. It is expected that the laser excites electrons in the Fe 3d orbitals, effectively reducing Fe(III) to Fe(II). Vura-Weis et al. have observed the excited state of hematite with transient 3p XAS experiments and they calculated the XAS spectra of the excited states with multiplet calculations. 44 Similar calculations of the 2p XAS spectra of Fe(II) were performed by de Groot et al. and Haverkort et al. 49, 50 The difference spectra between the calculated Fe L 3 XAS of Fe(II) and the calculated the XAS of Fe(III) are shown in Fig. 2(c) . The XAS spectra of Fe(II) were scaled in order to reproduce the spectral shapes of the difference XAS (Dmt calc = mt Fe(II) (E + DE) À amt Fe(III) (E)). We estimated the values of a and DE value based on the knowledge of XAS of the mixed-valence iron compounds such as Fe 3 O 4 , where a detailed fitting procedure determined a shift between octahedral Fe(II) and octahedral Fe(III) to be 0.7 eV. 51 Different a values were explored in order to reproduce the spectral features of the difference XAS. The combination of a = 0.5 and DE = 0.7 eV were found to be the best values to reproduce the experimental spectra. The main peak position of the difference spectra in Fig. 2(b) was reproduced by the calculated spectra. The photoexcited state at a delay time of 0.2 ps is the initial excited state and is equal to the time resolution of our experiment as shown below in Fig. 3(b) . We expect that no structural change occurs at this time scale, implying that the crystal field value 10D q can be approximated as being equal to the ground state value of Fe(III).
Kinetic traces of 2p3d X-ray absorption spectroscopy of photoexcited hematite
The kinetic traces of the XAS at 709 eV are shown in Fig. 3(a) and (b). To avoid possible artificial effects resulting from the long-term fluctuations at the XFEL, we sequentially recorded the photoexcited signal and the reference signal (at a delay time of À10 ps) for each delay time. For shorter delay times, the kinetic trace was observed between À0.4 ps and 1.0 ps. The transient signal increased upon irradiation by the laser pulses. In order to estimate the time resolution of the experimental setup, the rise of the transient signal was fitted with a convolution of a step function and a Gaussian function. The time resolution for the experiments was estimated to be 180 fs by the full width of half maximum (FWHM) of the Gaussian function. The estimated value in the experiment seems to be reasonable considering the laser pulse duration (B50 fs), the pulse duration of X-ray (o100 fs) and the jitter between the optical laser and the XFEL, although this value is slightly shorter from the time resolution estimated by the change of the reflectance of the laser pulse from a YAG single crystal. 33 It should be noted that an arrival timing tool or a timing compensation tool is yet to be installed in the beamline. 52, 53 As a result, a precise measurement of the delay time between each X-ray pulse and optical laser pulse or the compensation of the timing drift between them could not be performed. Therefore, we measured the position of the delay stage for a delay time of 0 ps at the beginning and the end of each 12 h shift. Based on these measurements, we have established that the position for a delay time 0 did not shift by more than 100 fs. Hence, we concluded that there is no significant timing drift on a time scale of 12 h.
The decay process shown in Fig. 3(a) is a fast decay process, whose kinetic constant (1/k) is B0.2 AE 0.1 ps based on the fit on the decrease of the intensity of the transient signal. A fast process within 1 ps after photoexcitation was observed by several research groups 43, 44 and similar values for the process were proposed (0.24 ps, 44 0.25 ps 43 ). The kinetic trace in Fig. 3(a) in the longer delay times (40.2 ps) was fitted well with a convolution of a Gaussian function (FWHM: 0.18 ps) and an exponential function (f (t) = A Â exp(Àt/k) + B, where A and B are arbitrary constants). Considering our experimental conditions, the fast process we observed should correspond to the fast process observed in the previous studies. [42] [43] [44] This process is ascribed to be a relaxation process of the excited electrons in higher energy states to the bottom of the conduction band. 42, 44 For delay times over 1 ps, the peak intensity of the difference signal gradually decreased as in Fig. 3(b) . The kinetic trace in Fig. 3(b) was fitted as a single exponential function and its kinetic constant of the decay process (1) was estimated to be B6 ps. A similar time constant was observed in optical spectroscopy, 43 which was claimed to be a recombination process between the relaxed electrons and the holes, while such process was not found in the XUV spectroscopies. 41, 44 The electronic structure of the iron sites in transition metal oxides such as a-Fe 2 O 3 is described by charge transfer multiplet theory, where the ground state of Fe in a-Fe 2 O 3 is described as |3d 5 + 3d 6 À Li. The 3d 5 configuration represents the ground state of Fe(III) and ''3d 6 À L'' represents the state where one electron is excited from O2p to Fe3d with a charge transfer energy (D) that is different from the band gap due to strong correlation effects. The ground state is the bonding combination of both configurations. Upon optical laser excitation, a valence electron is excited into the conduction band, which in the CTM model refers to an anti-bonding state |3d 6 À L + 3d 5 i. For simplicity we approximate the ground state and laser excited state to be |3d 5 i and |3d 6 À Li respectively, keeping in mind that both states are mixed. In addition, the |3d 6 À Li R and |3d 6 À Li R 0 states represent the relaxed states from the initial excitation. The overall process can then be described as:
where t 1 = 0.2 ps and t 2 = 6 ps. In the 2p XAS process each state 3d N is excited to a final state 2p 5 3d N+1 , where the spectral shape of the anti-bonding |3d 6 À Li state will have a |2p 5 3d 7 À Li final state similar to a Fe(II) ground state. This justifies the first-order approximation of its spectral shape that is related to a Fe(II) species in the local electronic structure of a-Fe 2 O 3 .
2p3d resonant inelastic scattering of photoexcited hematite 2p3d RIXS measures the 2p XAS excitation of the 3d 5 ground state to 2p 5 3d 6 , followed by the decay back to the 3d 5 manifold. A recent static 2p3d RIXS study of a-Fe 2 O 3 has been published by Miyawaki et al. 54 We note that the lifetime of the 2p core hole state is B10 fs based on its lifetime broadening. We assume that the 2p core hole decay is faster than any other reorganisation process and that 2p3d RIXS is effectively an instantaneous probe.
The 2p3d RIXS spectra were measured at 710 eV, i.e. at the maximum of the static a-Fe 2 O 3 2p XAS spectrum. The delay times of each measurement were 1 ps and 10 ps as shown in Fig. 4 . The RIXS spectra were normalised to the intensity of elastic X-ray peak (energy loss (E loss ) B 0 eV). Each RIXS spectrum was recorded in two hours. Due to the increased possibility for time drift in the delay times around 0.2 ps, we could not record the RIXS spectrum for such short delay times. In addition, in order to guarantee that RIXS from photoexcited states are observed, the kinetic traces at 709 eV were observed before each RIXS measurement (Fig. 4) .
When we compared the transient RIXS at a delay time of 1 ps to that of 10 ps, we noticed that the overall difference signal seemed to increase in the later delay time. We are not certain about the interpretation of this effect due to the low energy resolution of the spectra and the interference between Fe(II) and Fe(III) features. One possible explanation could be the longlife time of the Fe(II) excited states that are generated at hematite defect sites. We observed in another related timeresolved XUV study that these states could have a life time of up to B350 ps. It is possible that the concentration of these states increases over time after subsequent optical excitations, which could be reflected in the increase of the difference signal in RIXS at 10 ps.
Examining the time evolution of the RIXS difference signals showed spectral changes in the coloured areas at between À3 eV and À8 eV. The theoretical 2p3d RIXS spectrum of Fe(III) contains an elastic peak and a range of d-d excitations between À2 and À7 eV (Fig. 4) . The ratio between both the RIXS spectra is given by the excitation energy, essentially as given by the XAS calculations. This implies that Fe(III) has B10 times more intensity than Fe(II). The spectrum of Fe(II) has a strong peak at B1.8 eV related to the 5 T 2 -5 T 1 d-d transition, which will compensate the intensity loss of Fe(III) at B1.8 eV, implying that only between À3 and À8 eV intensity is lost. We note that an excitation energy of 710 eV, more than B90% of the signal is related to Fe(III) based on the theoretical 2p XAS spectral shapes, which implies that we mainly see Fe(III) in the 2p3d RIXS. One could also look specifically at the Fe(II) species, but this would require comparing the RIXS spectra recorded at the excitation energy of 710 eV as well as that of 709 eV, which was not measured due to the time constraints. We essentially observe a decrease of the region between À2 and À7 eV indicating that the amount of Fe(III) species is reduced. The data quality unfortunately does not allow us to make more specific statements regarding the 2p3d RIXS spectral shapes.
We note that by measuring the 2p3d RIXS at 709 eV we would specifically target the transient Fe(II) species. Its 2p3d RIXS spectrum would reveal its d-d excitations and as such the nature of its state in much more details compared to 2p XAS. In addition there would be much less signal related to the Fe(III) species.
Photoexcited states of hematite
It has been proposed that several different excited states exist for the photo-absorption process in hematite by optical spectroscopy. 43 From our XAS and RIXS results we expect three different excited states in the first 10 ps, in line with the observed states proposed by optical spectroscopic measurements. The initial photoexcited state was observed at a delay time of 0.2 ps. After photoabsorption, the 3d 5 ground state of Fe(III) is excited to the 3d 6 À L charge transfer state. The charge transfer state symmetry is similar to that of a Fe(II) ground state and results in transient peak at 709 eV. In a single particle picture, the 3d 6 À L state can be interpreted as an electron in the conduction band coupled to a hole in the valence band ( Fig. 5 ). Since the wavelength of the optical laser is larger than the band gap of hematite, the excited electrons and holes have excess energy (often known as hot carriers). The hot electron-hole excitations relate to hot electrons and holes which are distributed in the conduction and valence bands, respectively. The transient signal intensity at 709 eV decreases after 1 ps, which corresponds to the relaxation process of the hot carriers. During the relaxation of the hot carriers, the hot electrons relax to the bottom of the conduction band while the holes relax to the top of the valence band releasing extra energy. The fast decay in Fig. 2 and the simulation of the difference spectra in Fig. 3 agree with this hypothesis. During the relaxation the local structure of the Fe atoms is affected, which modifies the Fe-O and Fe-Fe bond distances. These structural changes affect the electronic structure (10D q , etc.) of the excited Fe atoms, thereby also changing the Fe L 3 XAS spectral shape.
The transient signal intensity decreased further after 10 ps, which agrees with the charge recombination process observed in optical spectroscopy. The population of the excited electrons is decreased by the recombination events, i.e. by the decay of anti-bonding 3d 6 À L to bonding 3d 5 states. The intensity of the Fig. 4 2p3d RIXS spectra for À10 ps, 1 ps, 10 ps (top) and the difference RIXS spectrum for each delay time (bottom). The incident X-ray energy was 710 eV. The calculated spectra were normalised so that their elastic scattering intensities were half of the experimental spectra for clarity. , the valence of Fe is 3+, which has 5 electrons in the 3d orbitals. The 3d orbitals of Fe are split into 3 t g orbitals and 2 e g orbitals because of its octahedral symmetry. After photoexcitation (|3d 6 À Li, B200 fs), an excited electron occupies t g or e g orbitals. Within 1 ps (|3d 6 À Li R 0 B 1 ps), the excited electron relaxes to occupy the t g orbital. In the later delay time (B10 ps), some of the excited Fe species change to another excited state (|3d 6 À Li R 0 ) while others relax to the ground state. It is noted that the excited electron is spin-down because the spin-up states are all occupied. At a neighboring site, the spin-up and spin-down signature is reversed as a-Fe 2 O 3 is an antiferromagnet.
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difference spectra at 709 eV is attributed to the number of Fe(II) atoms and the decrease of Fe(II) atoms leads to the reduction of the difference signals around 10 ps. Interestingly, we observe that the Fe(II) species remains present for several hundreds of picoseconds.
Conclusions
In this study, we have reported the first femtosecond Fe L 3 XAS and femtosecond 2p3d RIXS of hematite using the PAL-XFEL. Upon photoexcitation, electrons are transferred from the hematite valence band (mainly O 2p) to the conduction band (mainly Fe 3d). We detected three relaxation events after photoexcitation: the first process is the relaxation of hot electrons to a lower energy state. This relaxation process of the hot carriers with a kinetic constant of 0.2 ps was observed by Fe L 3 XAS with a time resolution of 180 fs. The second process is a fast carrier recombination, which was observed as the decrease of the transient XAS signal at 709 eV with a kinetic constant of 6 ps. In this process, part of the Fe(II)-like species relaxed back to 3d 5 Fe(III). However, our observations also show that some Fe(II) species remain at a longer time scale (in Fig. S2 in ESI †). This long-living photoexcited state could be a trapping state of the excited electrons with a local structural change around photoexcited iron atoms in hematite to form small polarons.
To the best of our knowledge, this is the first report on femtosecond transient RIXS of a solid-state material. Our result demonstrates exciting possibilities for studying the photoexcited states of solid-state materials using femtosecond RIXS. In future experiments, where RIXS spectra will be measured at different excitation energies and better energy resolution, more detailed information will be revealed about specific electronic states of the photoexcited materials. It could also be possible to describe charge carrier dynamics in ultrafast time scales with electronic configurations at each distinctive delay time.
Although there have been several pioneering works of timeresolved 2p3d RIXS, [24] [25] [26] [27] [28] [29] [30] the opportunity to perform time-resolved 2p3d RIXS experiments was limited since only the Linac Coherent Light Source (LCLS, Menlo Park, CA, USA) was able to provide the soft X-rays needed. 55, 56 In addition to the Pohang XFEL, new soft X-ray beamlines are being implemented in novel XFEL facilities such as in LCLS-II, 57 European XFEL 33 and Swiss FEL. 36 Such powerful FEL facilities, providing ultrashort soft X-ray pulses, will make it possible to address structural and electronic configurations of excited states of semiconductors consisting of 3d transition metals thereby opening possibilities to understand the mechanism of e.g. a solar-assisting water splitting reaction.
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